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Abstract MicroRNA-132 (miR-132), a small RNA that

regulates gene expression, is known to promote neuroge-

nesis in the embryonic nervous system and adult brain.

Although exposure to psychoactive substances can increase

miR-132 expression in cultured neural stem cells (NSCs)

and the adult brain of rodents, little is known about its role

in opioid addiction. So, we set out to determine the effect

of miR-132 on differentiation of the NSCs and whether this

effect is involved in opioid addiction using the rat

morphine self-administration (MSA) model. We found

that miR-132 overexpression enhanced the differentiation

of NSCs in vivo and in vitro. Similarly, specific overex-

pression of miR-132 in NSCs of the adult hippocampal

dentate gyrus (DG) during the acquisition stage of MSA

potentiated morphine-seeking behavior. These findings

indicate that miR-132 is involved in opioid addiction,

probably by promoting the differentiation of NSCs in the

adult DG.
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Introduction

MicroRNAs (miRs) are endogenous small (*22 nucleo-

tides) noncoding RNAs that bind to the 3’ untranslated

region of target mRNAs to modulate the post-transcrip-

tional regulation of gene expression via controlling the

degradation and translation of mRNAs. The role of miRs in

the central nervous system has been widely investigated,

such as in neuronal development [1, 2], synapse formation,

and plasticity [2, 3], and in the regulation of memory,

cognition, and emotion [4–10].

miR-132 is considered to be a neural activity-regulating

miR, the expression of which can be induced by transcrip-

tion factor cAMP response element-binding protein [11].

Previous studies have shown that miR-132 is closely

associated with neural plasticity, accelerating cell differ-

entiation and synapse formation in embryonic neural stem

cells (eNSCs) [12, 13] and increasing the complexity of

dendrites and spine density of newborn neurons in the adult

hippocampus of rodents [14, 15]. Adult neurogenesis

includes proliferation and differentiation [16, 17]. The

differentiation of NSCs involves their development into

functional neurons and their linkage into existing neural

circuits, so differentiation is far more closely associated

with synaptic plasticity than proliferation [18, 19]. Inter-

vention in differentiation is a more convenient and

effective means of modulating neural plasticity.

Drug addiction is considered to be a brain disorder – a

form of drug-induced neural plasticity [20] in which the

expression of genes that are mainly related to neural

plasticity and involved in learning, memory and motiva-

tional behaviors is altered by drug abuse [21]. miRNAs,

regulators of the expression of these genes, have been

shown to play critical roles in the development of drug

addiction. For example, overexpression of miR-218
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inhibits the heroin-induced reinstatement in both condi-

tioned place preference and heroin self-administration [22].

It has been noted that the expression of miR-132 is induced

after repeated morphine exposure, but the expression of

miR-212 is downregulated in zebrafish embryos [23],

suggesting that miR-132 but not miR-212 is closely

associated with morphine addiction. However, recent work

has mainly focused on the changes of expression after

repeated morphine exposure, evidence on the changes of

behavior induced by miR-132 is lacking.

Therefore, this study was designed to test whether miR-

132 could influence the differentiation of NSC-like cells

(Neuro 2A cells) and NSCs separated from embryos and

further investigate the effect of miR-132 in NSCs of the

adult dentate gyrus (DG) on morphine addiction using the

rat morphine self-administration paradigm.

Materials and Methods

Animals

Adult male Sprague-Dawley rats weighing 320 g (8-weeks

old) were housed under a 12-h reverse light/dark cycle

(lights on at 19:00). The rats were adapted for 1 week

before experimentation. All of the experimental procedures

were in accordance with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals, and

were approved by the Animal Use Committee of Peking

University Health Science Center.

Cell Culture

Neuro 2A (N2a) cells were cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10%

fetal bovine serum (HyClone, Logan, UT) at 37�C
with 5% CO2.

Sprague-Dawley rat neural stem cells (RASNF-01001,

Cyagen, Guangzhou, China) were incubated in 5% CO2 at

37�C. NSCs proliferated in rat neural stem cell basal

medium (RASNF-90011, Cyagen) which contained 20 ng/

mL epidermal growth factor (EGF) and 20 ng/mL basic

fibroblast growth factor (bFGF). During the first 2 days of

differentiation induction, the concentration of bFGF was

decreased to 10 ng/mL. During the next 2 days, the

concentrations of EGF and bFGF were decreased to 0 ng/

mL and 5 ng/mL, respectively. During the last 2 days of

differentiation induction, EGF and bFGF were omitted

from the neural stem cell basal medium [24].

Vector Construction

The plasmid pCMV-MIR vector (OriGene, Rockville, MD)

contained a cytomegalovirus (CMV) promoter, an miR-132

overexpression sequence (Gene ID: NR_031878.1) (de-

fined as ‘‘miR-132 OE’’) or empty sequence (defined as

‘‘Control’’), and an EGFP domain to label the transfected

cells.

The lentivirus pLenti-CMV-mir-132 (OBiO, Shanghai,

China) contained a CMV promoter, an miR-132 overex-

pression sequence (Gene ID: NR_031878.1) or empty

sequence, and no EGFP.

The adeno-associated virus (AAV; OBiO) contained a

nestin promoter which ensured that these AAVs were only

expressed in NSCs, an miR-132 overexpression sequence

(Gene ID: NR_031878.1) or empty sequence, and an

EGFP domain.

The lentivirus system contained two lentiviruses: one

with a nestin promoter and a reverse tetracycline-controlled

transactivator (rtTA) element; the other with a tetracycline

response (TRE) element, an EGFP element and an miR-

132 overexpression sequence.

Cell Transfection

N2a cells were transfected with plasmid pCMV-MIR

vector (Fig. 1A) to overexpress miR-132. N2a cells were

passaged 24 h before transfection, and the plasmids were

transfected into these cells with the transfection reagent

Megatran 1.0 (OriGene), followed by morphological

analysis 48 h later.

NSCs were transfected with pLenti-CMV-mir-132 using

polybrene and harvested 48 h later.

Stereotactic Injection

Rats were bilaterally injected with the vectors in both the

dorsal and ventral DG. The injection volume was 1 lL/site
(AAV) or 0.5 lL/site (lentivirus). The viruses were slowly
injected for 5 min and the injector was retained in situ for

at least 2 min. The dorsal DG sites were 3.6 mm and

6.0 mm posterior to bregma, 2.2 mm and 5.2 mm from the

midline, and 3.8 mm ventral from the pia mater. The

ventral DG sites were 6.0 mm posterior to bregma, 5.2 mm

from the midline, and 6.5 mm ventral from the pia mater.

Immunofluorescence

The N2a cells were washed three times with PBS, fixed in

4% paraformaldehyde (PFA) for 30 min at room
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temperature, washed three times with PBS, and screened

under a confocal laser scanning microscope (FV1000,

Olympus, Miyazaki, Japan). The percentages of neurites?

and neurites- cells, as well as total dendritic length were

determined manually under 4009, and the density of spine

and non-spine protrusions was assessed under 30009. A

dendritic protrusion with an expanded head that was 50%

wider than its neck was defined as a spine, and others were

defined as non-spine protrusions [25]. The density was

calculated from manual counts and normalized per 10 lm
of dendritic length. Only dendrites with 50 lm or more of

analyzable dendritic shaft were counted.

NSCs were washed and fixed as previously described.

Then cells were incubated with blocking solution (5%

donkey serum and 0.3% Triton X-100) for 1 h at room

temperature to block nonspecific binding sites and perme-

abilize the membrane. The cells were incubated with

primary antibody dilution buffer at 4�C overnight. On the

next day, the cells were washed in PBS with 0.1% Tween

20 and incubated with secondary antibody dilution

buffer containing Hoechst protected from light for 1 h at

room temperature.

For brain sections, rats were perfused with 4% PFA and

dehydrated for 7 days. Then the brains were quickly frozen

Fig. 1 Overexpression of miR-132 enhances neuronal differentiation

of N2a cells. A Sequence of miR-132 and the structure of miR-132

overexpression plasmid. B Overexpression of miR-132 increased the

percentage of cells with neurites. i Representative images of N2a cells

after overexpression of miR-132. Scale bar, 50 lm. ii Overexpression
of miR-132 resulted in neurite outgrowth in 63% of N2a cells, while

control cells retained the neuroblastoma morphology.

****P\ 0.0001, v2 test. Data are shown as mean ± SEM. C Over-

expression of miR-132 increases total dendritic length.

i Representative images of N2a cells after overexpression of miR-

132. Scale bar, 20 lm. ii Overexpression of miR-132 increased total

dendritic length. ***P\ 0.001, unpaired Student’s t-test. Data are

shown as mean ± SEM. D Overexpression of miR-132 increased

spine density. i Representative images of N2a cells after overexpres-

sion of miR-132. Scale bar, 5 lm. ii Overexpression of miR-132

increased dendritic spine and non-spine protrusion density.

*P\ 0.05, ****P\ 0.0001, unpaired Student’s t-test. Data are

shown as mean ± SEM.
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in liquid nitrogen and cut into coronal sections at 50 lm on

a freezing microtome. Then the sections underwent the

same procedure as for the NSCs.

Sholl and Total Dendritic Length Analysis

One section from each injection site in the DG was stained

with Hoechst nuclear marker after virus injection. Three

EGFP? neurons were randomly selected from each section

and the images were collected in the form of collapsed

z-stacks. The dendritic trees were reconstructed using the

tracing tool of Adobe Illustrator CS5. Then, the complexity

of dendritic trees was analyzed using the Sholl analyze

plugin of ImageJ (NIH, Bethesda, MA) according to the

procedure of Sholl Data Analysis [26].

The total dendritic length was defined as the summation

of every branch of the dendrite and was also analyzed by

ImageJ using the reconstructed image.

Flow Cytometry

NSCs were collected and incubated in Sprague-Dawley rat

neural stem cell basal medium without EGF and bFGF but

containing CD24 antibody protected from light for 25 min

at 4�C. The cells were re-suspended gently at the mid-point

of the incubation time. After washing in PBS with 5% fetal

bovine serum (FBS), the cells were re-suspended in 1 mL

5% FBS and analyzed on a Caliber flow cytometer (BD

Biosciences, San Jose, CA). Data were analyzed using

FlowJo (Ashland, OR).

Real-Time qPCR

The miRNAs were extracted using TRIzol, then 3 lg
miRNAs and 2 lL reverse transcription primer were used

for reverse transcription. During the qPCR stage, the

samples were mixed with 2 lL upstream primer and 2 lL
downstream primer and each sample was replicated 3

times. The cycle conditions were: 3 s at 95�C, and 30 s at

60�C for 40 cycles, on the 7500 real-time system (Applied

Biosystems). The data were standardized by glyceralde-

hyde-3-phosphate dehydrogenase. The relative fold change

in expression of miR-132 was calculated using the

comparative cycle threshold method (2-DDCT). The

primer sequences (synthetized by Sangon Biotech) are

shown in Table 1.

Morphine Self-administration (MSA)

Rats were implanted with an intravenous catheter at the

time of virus transfection, followed by 7 days of recovery.

During the acquisition process, rats were given water

containing doxycycline (dox) to overexpress miR-132, 3 h

per day for 14 days under a fixed ratio 1 (FR1) pattern. The

rats were allowed to freely explore a training box

containing two nose-poke holes: one associated with the

drug (active nose-pokes) with lights nearby, the other was

the inactive hole without any lights. When the rats poked

the active hole, they received an infusion and the light near

the hole was turned down, accompanied by a cue light and

a sound, followed by a 20-s no-reaction period. Rats

received morphine at 125 lg/kg per infusion during the

first 7 days, and the concentration of morphine was reduced

to 67.5 lg/kg per infusion during the last 7 days. During

the extinction process, rats were trained in the same context

for 14 days without morphine injection and given normal

water to stop the miR-132 overexpression.

Statistical Analyses

Student’s t-test was used to compare parameters from two

groups. The v2 test was used to analyze the percentage of

cells with neurites. Two-way repeated measures ANOVA

tests with Turkey’s multiple comparison were used to

analyze MSA behavior.

Results

Overexpression of miR-132 Enhances Neuronal

Differentiation of N2a Cells

N2a cells are neuroblastoma cells that share properties with

NSCs: (1) expression of the NSC marker nestin (from our

Table 1 The primer sequences.
Genes Primers Sequences (50?30)

GAPDH RT primer TGGCAAAGTGGAGATTGTT

Upstream primer CTTCTGGGTGGCAGTGAT

Downstream primer TGGCAAAGTGGAGATTGTT

miR-132 RT primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA

CTGGATACGACCGACCAT

Upstream primer CGCTAACAGTCTACAGCC

Downstream primer GCAGGGTCCGAGGTATTC
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previous work); (2) self-renewal and differentiation into

neuron-like cells; and (3) neurites and spine density

become more complex with differentiation [27–31]. So,

the N2a cell line is a suitable model for studying neural

differentiation [28, 29, 31]. Forty-eight hours after trans-

fection with pCMV-MIR, the percentage of N2a cells with

neurites was significantly increased, 63% of the total cells

in the miR-132 overexpression group grew neurites

compared to 27% in the control group (Fig. 1B). The total

dendritic length increased dramatically after overexpres-

sion of miR-132 (Fig. 1C), indicating that miR-132

extended the dendrites. Next, we calculated the spine

density of N2a cells. According to the shape of the

protrusions, they were divided into two categories - spines

or non-spine protrusions. The short and mushroom-like

protrusions with a slight neck and larger head were

classified as spines, while long and sharp ones were

classified as non-spine protrusions [25]. The density of

both categories increased after miR-132 overexpression

(Fig. 1D). All in all, overexpression of miR-132 pushed

N2a cells towards differentiation, extended the dendrites,

and enhanced the morphological development of dendrites.

Overexpression of miR-132 Increases Neuronal

Differentiation of Cultured NSCs

Adult NSCs are widely believed to exist in the subgranular

zone in the DG and the subventricular zone near the third

ventricle, so we cultured NSCs separated from these two

regions in rat embryos. To maintain the cells as stem cells,

the growth medium contained high concentrations of EGF

and bFGF (20 ng/mL). Nearly all the cultured cells

expressed the NSC marker nestin, and a very small

proportion expressed the neuronal precursor marker

DCX, but they barely expressed the mature neuron marker

NeuN or the glial marker GFAP (Fig. 2A). This kind of

molecular marker expression pattern indicates that most of

the cultured cells were NSCs, so they were used to study

differentiation of NSCs according to Walker’s protocol of

cell proliferation and differentiation induction [24].

The lentivirus that overexpressed miR-132 was trans-

fected on the 4th day of differentiation induction (Fig. 2B).

The expression of miR-132 was significantly increased 48

h after lentivirus transfection (Fig. 2C). To reveal the

morphology of NSCs, cells were labeled with the neuronal

dendrite marker MAP2 and the nuclear stain Hoechst

(Fig. 2D). Cells with tertiary branches were considered to

have complex dendrites, and overexpression of miR-132

dramatically increased the percentage of cells with com-

plex dendrites (Fig. 2E). Meanwhile, the total den-

dritic length also increased after miR-132 over-

expression (Fig. 2E).

Then, we studied the percentage of well-differentiated

cells by detecting a neural differentiation marker (CD24)

on the membrane using flow cytometry [32]. Overexpres-

sion of miR-132 (Fig. 3A) significantly shifted the peak of

CD24 expression histogram to the right (Fig. 3B), and the

percentage of cells highly expressing CD24 was increased

(Fig. 3C). In conclusion, miR-132 accelerates the differ-

entiation of NSCs, especially the late stage of dendritic

growth and arborization.

Overexpression of miR-132 Increases Neuronal

Differentiation of NSCs in the DG

It is widely believed that the DG plays an important role in

the formation and development of opioid addiction

[33, 34]. So, apart from the evidence that miR-132

enhances the neuronal differentiation of NSCs in vitro,

we also investigated the role of miR-132 in the differen-

tiation of NSCs in the DG. We synthesized an AAV vector

that contained a nestin promoter to specifically express this

vector in NSCs, a miR-132 overexpression sequence, and

an EGFP domain to label the infected NSCs (Fig. 4A). The

injection sites of AAV into the DG are shown in Fig. 4B.

The viruses were transfected 7 days before the differenti-

ation stage to ensure full expression, and then another 14

days were allowed to elapse to match the 14-day self-

administration training phase (Fig. 4C). Sholl analysis [26]

showed that overexpression of miR-132 significantly

increased the complexity of the dendritic tree and the total

dendritic length of newborn neurons (Fig. 4D). These

results indicate that specifically overexpressing miR-132 in

NSCs in the adult DG enhances the differentiation of

NSCs in the DG.

Specifically Overexpressing miR-132 in the NSCs

of the Adult DG Potentiates MSA

To investigate whether the enhanced differentiation of

NSCs in the DG induced by miR-132 can affect morphine-

seeking behavior, we designed a time-specific expression

lentivirus system to overexpress miR-132 under the control

of dox. This system contained two lentiviruses, one with an

rtTA element that bound to dox and was activated by it,

and the other with a TRE element, the expression of which

was regulated by rtTA, followed by an EGFP element and

the miR-132 overexpression sequence or nothing. Thus,

when dox was present, the rtTA was turned on and miR-

132 began to be overexpressed (Fig. 5A). The EGFP

represented miR-132, specifically merged with nestin but

not NeuN, and lasted for at least 28 days until these cells

developed into mature neurons (Fig. 5B). These len-

tiviruses had been synthesized and verified in our previous

work [Haolin Zhang et al., accepted by Scientific Reports].
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miR-132 was conditionally overexpressed in the DG of

adult rats during MSA training and stopped at the

beginning of MSA extinction (Fig. 5C). During the training

stage, rats in the group overexpressing miR-132 received

notably more infusions than rats in the control group, and

the infusions increased after the concentration of morphine

Fig. 2 Overexpression of miR-132 increases neuronal differentia-

tion of cultured NSCs. A Cultured NSCs strongly expressed the NSC

marker nestin, weakly expressed the neuronal precursor marker

DCX, but barely expressed the neuronal marker NeuN and glial

marker GFAP. Scale bar, 20 lm. B Schematic diagram outlining the

procedure for inducing the differentiation of cultured NSCs. C The

miR-132 overexpression lentivirus induced the expression of miR-

132. D Representative images of cell morphology of NSCs after

overexpression of miR-132. Cells were labeled by the neuronal

differentiation marker MAP2 (red) and the nuclear stain Hoechst

(blue). Scale bar, 20 lm. E Overexpression of miR-132 advanced the

differentiation of cultured NSCs. i Overexpression of miR-132

increased the percentage of cells with complex dendrites. ii
Overexpression of miR-132 increased the total dendritic length.

*P\ 0.05, **P\ 0.01, ****P\ 0.0001; unpaired Student’s t-test.

Data are shown as mean ± SEM.
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was reduced to 62.5 lg/kg per infusion (Fig. 5Di).

Meanwhile, these two groups had similar numbers of

inactive nose-pokes (Fig. 5Dii). The data from the first 7

days and the next 7 days were analyzed separately. miR-

132 overexpression only increased the number of infusions

during the next 7 days but not the first 7 days (Fig. 5Diii).

During the extinction stage, although the numbers of mock

infusions in these two groups showed no significant

differences, the group overexpressing miR-132 had more

mock infusions (Fig. 5Ei). Numbers of inactive nose-pokes

also remained in balance (Fig. 5Eii). To reduce individual

differences in sensitivity to morphine among the rats, we

introduced an extinction trend curve (ETC) in which the

mock infusions of rats on each day were normalized by

their own mock infusions on the 1st day, so that each rat

started the extinction process at the same level. Rats in the

group overexpressing miR-132 showed a significant rise of

ETC that was maintained at a high level ([ 1) for at least

10 days, whereas the ETC of the control group decreased

gradually and was maintained at a lower level than on the

1st day (Fig. 5Eiii). These findings indicate that overex-

pressing miR-132 specifically in the NSCs of the adult DG

accompanied by MSA training accelerates the acquisition

and resists the extinction of MSA even when the overex-

pression is stopped.

Discussion

In this work we found that overexpression of miR-132

in vitro enhanced the differentiation of NSC-like cells (N2a

cells) and NSCs. In vivo, specific overexpression of miR-

132 in the NSCs of the adult DG in rats enhanced their

differentiation. Furthermore, specific overexpression of

miR-132 in the NSCs of the adult DG during the training

stage of MSA accelerated the acquisition and resisted the

extinction of MSA. These findings indicate that miR-132 in

the adult DG is involved in modulating opioid addiction via

enhancing the differentiation of local NSCs.

We found that miR-132 overexpression enhanced the

differentiation of not only cultured NSCs in vitro but also

the NSCs in the adult DG in vivo. These results are

consistent with previous studies. Yoshimura et al. reported

that miR-132 expression increases in the neuronal devel-

opment stage of embryos (E16.5 to E19.5), especially in

extension of the axons of developing neurons [12, 13] and

miR-132 mimics significantly lengthen axons, but miR-132

inhibition has the opposite effect [13]. In addition, miR-

132 is known to regulate the differentiation of newborn and

mature neurons in the hippocampus, that the inhibition or

knockdown of miR-132 suppresses dendritic morphogen-

esis and decreases the spine density of newborn neurons,

and miR-132 overexpression increases the spine density of

mature neurons in the hippocampus [10, 14, 15].

Apart from the effect on morphological plasticity, miR-

132 has also been shown to modulate the functional

plasticity of neurons – both spontaneous [14, 35, 36] and

evoked [37] synaptic transmission. Pathania et al. showed

that the mean amplitude and frequency of spontaneous

excitatory postsynaptic currents are decreased after

miR-132 inhibition [14]. Further, Lambert et al. showed

that miR-132 overexpression increases the paired-pulse

ratio and decreases synaptic depression in primary hip-

pocampal neurons [37].

Fig. 3 Overexpression of miR-

132 increases the percentage of

well-differentiated cells.

A Schematic diagram outlining

the procedure of inducing dif-

ferentiation of cultured NSCs.

B Representative flow cytome-

try image of P-phycoerythrin

(PE) CD24. C Quantification of

differentiation using fluores-

cence intensity. **P\ 0.01,

unpaired Student’s t-test. Data

are shown as mean ± SEM.
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Drug addiction is thought to be a form of pathological

memory and drug-induced neural plasticity. Neural plas-

ticity of the hippocampus is believed to be involved in

pattern-separation behavioral tasks that involve spatial and

context recognition memory [38]. Saxe et al. found that

preventing neurogenesis in the DG impairs the induction of

long-term potentiation and contextual fear conditioning but

not cued fear conditioning [39], indicating that neural

plasticity in the hippocampus plays an important role in

context recognition memory tasks. Since miR-132 modu-

lates morphological and functional plasticity, it acts as a

regulator of memories. For example, Hansen et al. reported

that miR-132 overexpression enhances spatial memory.

However, these studies mostly controlled the expression of

miR-132 (either overexpression or knockdown) in nearly

all neurons or the excitatory neurons (CaMII?) in the

regions of interest, and there is no evidence on the role of

miR-132 in drug-associated contextual memory tasks. So,

we specifically overexpressed miR-132 in the NSCs

(nestin? cells) in the adult DG in a time-specific manner

during the training process and found that this potentiated

the acquisition and resisted the extinction of MSA.

Interestingly, studies on the regulation of miR-132 expres-

sion indicate that the miR-132 expression after repeated

morphine exposure is *1.3-fold that of the group without

morphine exposure [23]. Hansen and colleagues found a

1.5-fold increase in the expression of miR-132 within CA1,

CA3, and the DG after a spatial memory task, which is

Fig. 4 Overexpression of miR-132 promotes the differentiation of

NSCs in the adult DG. A Schematic image of the AAV vector

construct designed to overexpress miR-132. B Infection sites in the

dorsal and ventral DG. C Schematic of experimental procedures.

D Specific overexpression of miR-132 in NSCs in the adult DG

promotes neuronal differentiation. i Representative images and their

reconstruction. ii Quantification of the complexity of dendritic trees.

****P\ 0.0001; two-way repeated measures ANOVA. iii Quantifi-
cation of total dendritic length, ***P\ 0.001; unpaired Student’s

t-test. Data are shown as mean ± SEM.
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Fig. 5 Overexpression of miR-132 in the NSCs of the adult DG of

rats potentiates morphine self-administration. A Schematic of the

lentivirus construct designed to overexpress miR-132. B Left and

middle panels: EGFP was only expressed in nestin? cells. Right

panels: EGFP? cells were NeuN? and not DCX? 28 days after

transfection. Scale bar, 50 lm. C Schematic of experimental

procedures. D Training process for morphine self-administration.

i NSC-specific miR-132 overexpression increases morphine intake

during the acquisition phase. ii Rats overexpressing miR-132 and

controls nose-poked the inactive hole at similar rates. iii miR-132

overexpression increased the injections during the next 7 days but not

the first 7 days. E The extinction process of morphine self-

administration. i Control and miR-132 rats in the absence of dox

showed comparable drug-seeking behavior during extinction. ii miR-

132 rats without dox showed more inactive nose-pokes than control

rats during extinction. iii Control rats showed a slowly declining

curve, yet rats overexpressing miR-132 maintained a high level of

normalized mock infusions. Genotype 9 Day: *P\ 0.05,

****P\ 0.0001; two-way repeated measures ANOVA. Data are

shown as mean ± SEM.
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similar to the miR-132 increase induced by morphine

exposure. Then, they introduced regulatable overexpression

of miR-132 (\2-fold) increase of miR-132 overexpression

enhanced spatial memory, while a high level of overex-

pression ([ 3-fold) had the opposite effect [10, 40]. The

effective memory enhancement of miR-132 coincides with

the changed level of miR-132 expression after a spatial

memory task as well as morphine exposure, indicating that

spatial memory shares a neural plasticity mechanism with

morphine addiction memory – enhanced neural differenti-

ation. However, although we showed that overexpression

of miR-132 in the NSCs of the adult DG potentiates drug-

seeking behavior, morphological evidence of NSCs in the

adult DG after miR-132 overexpression is needed in

further studies.

In this research, we first found that specific overexpres-

sion of miR-132 in the NSCs of the adult DG accelerates

the acquisition of MSA, represented by the increased

number of infusions, indicating that miR-132 potentiates

morphine-seeking. Further analysis showed that miR-132

only increased the number of infusions during the next 7

days, but not the first 7 days of MSA training. First, the

increased number of infusions (active nose-pokes) respond-

ing to the half-dose of morphine revealed ‘‘reliably

acquired drug self-administration’’ [41–44], so the effect

of miR-132 overexpression during the next 7 days of MSA

reflected the true effect on the acquisition of MSA. Second,

the number of infusions of heroin self-administration

doubled after the dose was halved [45, 46]. However, in

MSA, although the number of infusions also increased after

halving the dose, the increase did not reach 2-fold. This

revealed that sensitivity of rats to morphine is not as high

as to heroin, but miR-132 overexpression specifically

increases the number of infusions after halving the dose of

morphine, indicating that miR-132 increases the sensitivity

to morphine. Third, in MSA the rewarding effect has an

associated memory; when the dose of morphine is halved,

the rats need more injections to achieve an equal rewarding

effect. This means that the stronger the memory of a prior

reward, the more injections needed to satisfy the drug-

seeking motivation evoked by drug-related context mem-

ory. So, the enhancement of the acquisition of MSA by

miR-132 is probably through strengthening the memory

associated with the drug-reward, and this is consistent with

the finding that miR-132 enhances hippocampus-associated

memories via modulating the differentiation of NSCs.

During the extinction process, the number of mock

infusions in the control group rapidly dropped to 10 on the

4th day and maintained this level until the 14th day. As to

the group overexpressing miR-132, the number of mock

infusions remained at a higher level for several days, and

then slowly decreased to 10 on the 14th day. Although

these two curves have no remarkable statistical difference,

the differences between the two groups might be hidden by

the individual differences among rats. To minimize these

individual differences, we introduce the ETC which may

reflect the extinction trend. The ETC of the group

overexpressing miR-132 was significantly different from

the control group, which is always [ 1 during the 14

extinction days, yet the ETC of the control group gradually

declined. These results strongly suggest that overexpres-

sion of miR-132 in the NSCs of the adult DG enhances

the consolidation and impairs the elimination of

addiction memory.
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